Recent molecular genetic studies show how changes in the protein component of a visual pigment alters its absorbance; they also explain the abnormal colour vision of one of the great pioneers of visual science.
When we look at an object or scene, it is easy to assume that what we see is what everyone else sees. However, this need not be so. The different complement of visual pigments in the eyes of 'colour-blind' people means that they see a very different picture from the one most of us see. One of the first to wrestle with this problem was the chemist John Dalton. Two hundred years ago he described his own colour blindness in a lecture to the Manchester Literary and Philosophical Society, and the term Daltonism has subsequently been used to characterize this form of colour blindness. Dalton ascribed his colour blindness to a blue tint in the vitreous humour of his eye, which selectively absorbed light in the red-green range.
A macabre twist in this tale is that Dalton was so convinced he was right, he gave instructions that, on his death, his eyes should be removed and dissected to confirm his hypothesis. When he died at the ripe old age of seventy-eight in 1844, his physician Joseph Ransome examined Dalton's eyes and found no discolouration. At that time, the main alternative to Dalton's theory was that colour blindness arose from a defect in the brain, so Ransome felt bound to report that Dalton had a "deficient development" of his phrenological organ of colour! three pigments -bound to a chromophore that is an aldehyde derivative (retinal) of vitamin A.
The SW opsin is encoded autosomally by a gene on the seventh chromosome [3] . The MW and LW opsins are encoded by genes at the distal end of the q arm of the X chromosome, arranged in a head-to-tail array [3, 4] . In Daltonian (red-green) colour blindness, there is either the loss of a cone pigment (dichromacy) or a change in the peak spectral absorbance of either the MW or LW pigments (a condition called anomalous trichromacy, to distinguish it from normal trichromacy). In dichromats lacking the MW pigment, the MW opsin gene is either deleted or replaced by a hybrid (sometimes called chimeric) gene that is either inactive or codes for a pigment with the absorbance properties of an LW pigment. In dichromats lacking the LW pigment, the LW opsin gene seems to be replaced by a hybrid gene that is either inactive or codes for a pigment with the absorbance properties of an MW pigment. Anomalous trichromats have a hybrid gene instead of either the MW or LW genes; this hybrid gene codes for an opsin that gives a pigment with an absorbance spectrum intermediate between the
In the last few years, the techniques of molecular genetics have allowed us to determine both the basis-of normal human colour vision and the causes of colour blindness such as Dalton's. The spectral absorbances of the cone pigments that mediate colour vision seem to be the result of a complex interplay between the protein component of the pigment and the retinal chromophore. It seems that small changes at key sites in the protein cause significant changes in the visual pigment's spectral absorbance, and as a result completely alter the colour vision of someone carrying genes encoding the changed protein.
Trichromatic colour vision
We now know that colour blindness has a genetic cause, and can be traced through family trees. In fact, Dalton reported that his own brother suffered the same impairment of colour vision as he did. All the 12 Old World primate species studied so far (including humans) have the type of same colour vision -trichromacy -which is based on three classes of cone pigment [1, 2] . These are the short-wavelength (SW) or blue pigment, the middlewavelength (MW) or green pigment, and the longwavelength (LW) or red pigment. These cone photopigments are each composed of a protein molecule -an opsin, of which there is a different type for each of the MW and LW pigments. The hybrid genes responsible for all these types of colour blindness seem to be composed partly of an MW opsin gene and partly of an LW opsin gene.
There is a high sequence homology between the MW and LW opsin genes, and between the sequences surrounding the MW opsin gene. These sequence homologies increase the probability of unequal genetic recombination events that lead to either deletion of an MW opsin gene or the formation of hybrid genes (Fig. 1) . The recombination event that deletes an MW opsin gene from one X chromosome simultaneously adds one to the other. The number of MW genes on a single human X chromosome does indeed vary (between one and six) in human populations, with two being the most common complement [5] . This natural polymorphism implies that unequal riecombination involving the MW and LW opsin genes must be a comparatively common occurrence. A similar pattern of multiple MW opsin genes has been found in other Old World primate species [2, 6] . However, no form of colour blindness has ever been observed in any Old World primate species other than humans, suggesting there is a strong selective pressure against any deviation from the standard Old World trichromacy [1] . This is in marked contrast to New World primates, where there is considerable intra-and inter-species variation in colour vision [1, 7] .
The MW and LW opsins are each composed of 364 amino acids, differing at only 15 of these residues (see Table 1 ). It was originally suggested that the substitution of non-polar for hydroxyl-bearing amino acids at only three sites in the opsin -residues 180, 277 and 285 -accounts for all the variation in the spectral sensitivity of cone pigments in the red-green region [8] . These three substitutions were suggested to be linearly additive in the number of nanometres by which they shift the peak sensitivity of the pigment. The substitution at position 180 shifted the peak by 5.3nm, that at 277 by 9.5nm and that at 285 by 15.5 nm. However, sequencing studies on other Old World primate species suggested that substitutions of a minimum of two more amino-acid residues also play a part in determining a pigment's spectral absorbance [6] .
It has been possible to construct genes from complimentary DNA clones encoding the MW and LW opsins, express the proteins and combine them with the chromophore 11-cis-retinal to form artificial photopigments [9, 10] . In this way, the exon composition of the artificially constructed genes can be controlled. The MW and LW opsin genes are composed of six exons (the proteincoding sequences) and five introns (nonsense sequences removed at the RNA level by splicing), and initially the technique was used to produce a gene in which a whole exon from one gene was substituted for the equivalent exon of another. For example, one can produce a gene with exon 1 from the MW opsin gene and exons 2-6 from the LW opsin gene. The production of such hybrid genes allowed the effect of individual exons on the spectral absorbance of the resultant pigment to be determined. The results showed that, in addition to exons 3 (containing site 180) and 5 (sites 277 and 285), changes to residues encoded by exons 2 and 4 can also alter the spectral peak of the resultant pigment [10] .
As detailed in Table 1 , the MW and LW opsins differ in the identity of amino acids at 15 sites. To identify which amino-acid changes are responsible for the spectral differences between the MW and LW pigments, Daniel Oprian and colleagues constructed two sets of 14 hybrid pigments [11] . These pigments were again composed of part of the MW opsin and part of the LW opsin. In the first set, the amount of the MW opsin was gradually increased in successive hybrid pigments, and the amount of LW opsin was concomitantly reduced. Each increment in the amount of the MW opsin included the addition of one of the 15 candidate amino acids. So, for example, the first hybrid contained one candidate amino acid from the MW opsin (at site 65) and the rest from the LW opsin, the second hybrid contained two candidate amino acids from the MW pigment (at sites 65 and 111) and the rest from the LW pigment, and so on. This allowed the effect of each of these candidates on the spectral absorbance to be determined.
In the second set of hybrid pigments, the amount of the LW pigment was incrementally increased and the amount of the MW pigment was reduced. As expected from the studies outlined above, the largest spectral shifts are associated with changes at sites 277 and 285, but changes at sites 116, 180, 230 and 309 also produced significant shifts. Moreover, to convert the spectral absorbance of the MW opsin completely to that of the LW opsin, there also had to be a change at site 233. So instead of changes DISPATCH 585 perception and lead to problems such as night blindness and retinitis pigmentosa. In night blindness, a person's sensitivity to light is greatly reduced, so in low light conditions that person is largely blind. Retinitis pigmentosa is a far more serious condition, in which progressive degeneration of the rods and the retina eventually leads to complete blindness. Inheritance of these diseases generally has an autosomal dominant pattern, and in some cases it is linked to a mutation of the gene encoding the opsin component of rhodopsin. The spectral absorbance of cone pigments in the middle-to longwave region is thought to determined by the net effect of differences in the number and position of hydroxyl groups in the vicinity of the retinal chromophore. The seven important sites for spectral absorbance in the red-green range are indicated. The amino acids which can occur at these sites are listed in Table 1 .
at just three sites controlling the absorbance of pigments in the red-green range, it seems that changes at a total of seven sites are required to effect a complete shift in spectral absorbance (see Fig. 2 ).
The precise physico-chemical basis of the shifts in spectral absorbance of a pigment in the red-green range caused by the amino-acid changes is not known. It is usually suggested that such shifts are based on the net effects of differences in the number and position of hydroxyl side chains in the vicinity of the retinal chromophore [12, 13] . However, the effect of the change at site 116 is most probably indirect, as this residue is located outside the membrane-embedded region of the protein, and is instead found in the extracellular loop between transmembrane segments 2 and 3 (see Fig. 1 ) [11] . The altered residue is, therefore, unlikely in this case to interact directly with the chromophore, and it is more likely that the effect of this change is on the structure of the chromophore binding pocket.
Night blindness
The techniques of molecular genetics have also been used to study inherited disorders affecting the rod pigment. The rods primarily mediate low intensity night vision. Other than at the very centre of the retina (the fovea), rods dominate vision. There are only 6 million cones in the retina but there are 120 million rods, and so changes in rod function have a profound effect on visual
The human gene encoding the opsin component of the rod pigment rhodopsin is located on chromosome three [3] . A number of mutations can occur in the rhodopsin gene which lead to changes in the opsin structure [14, 15] . Depending upon the site of the mutation, rhodopsin can be altered in one of two possible ways. The structural changes can disrupt the folding of the protein, rendering it inactive. Such structural changes generally also prevent the transport and degradation of the inactive rhodopsin -normally rhodopsin is made continuously by rods, new protein molecules replacing the old ones, which are internalised and degraded -inactive rhodopsin accumulates in the rods, leading eventually to cell death and the retinal degeneration that is associated with retinitis pigmentosa.
Alternatively, the mutations can prevent attachment of retinal to the mutant opsin. Under normal circumstances, when a rhodopsin molecule absorbs a photon of light it splits into retinal and an active form of the opsin, which indirectly alters the cell's membrane potential and so signals the presence of light. In the absence of light, most of the opsin molecules are bound to retinal, but there are a few unbound inactive opsin molecules. It is suggested that in some types of retinitis pigmentosa, the mutant opsin cannot bind to retinal and is permanently in the active state [15] . This has the effect of permanently stimulating the cell, leading to cell death and ultimately to retinal degeneration. In congenital night blindness, the mutation is similar, the opsin is permanently in the active state, but it can bind retinal. When the opsin has bound retinal, it does not stimulate the cell -it is only the few unbound opsin molecules that stimulate the cell. The effect of this is partially or fully to saturate the cell's response to light, but unlike the situation in retinitis pigmentosa, this does not kill the cell.
Dalton's colour vision
As a final codicil to Dalton's story, his eyes were preserved in a glass jar from which they must have observed the passing years with little favour. They have, however, allowed us to solve a final riddle. On the basis of his own description of his colour vision, Dalton has been classified as a protanope (lacking the LW pigment). However, more detailed examination of these accounts has shown that deuteranopia (absence of the MW pigment) is an equally plausible explanation. To determine once and for all the nature of Dalton's colour vision, several samples of DNA were extracted from the dried up remains of Dalton's peripheral retina [16] . From these samples, it was possible to partially sequence and determine the presence of the LW opsin gene. The MW gene seemed to be absent, suggesting that Dalton was in fact a deuteranope. More than two hundred years after Dalton first described his condition, science has finally been able to provide an explanation of why his perception differed from normal human colour vision.
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In 1883 John Dalton] helped found the British Association for the Advancement of Science. In 1832, when he received a doctor's degree from Oxford, the opportunity was seized to present him to King William IV. He had resisted such a presentation because he would not wear court dress, but Oxford robes were sufficient. The only trouble was that the Oxford robes were scarlet and a Quaker could not wear scarlet. Fortunately Dalton's color blindness came to his rescue. He calmly announced that he could see no scarlet. He received his degree and was presented to the king in scarlet which he saw as gray. 
